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We report the cloning, characterization, and targeting of an Sp1-related zinc ®nger transcription factor gene from the
distal arm of mouse chromosome 12. This gene, previously identi®ed in rats and humans and designated sp4, is homolo-
gous to the Drosophila buttonhead (btd) gene, which is expressed in the head region of developing ¯ies. Similarly, in
situ hybridizations show that sp4 is highly expressed in mouse embryos in the developing central nervous system
(CNS). Expression of sp4 is seen as early as Day 9 of development, where transcripts are abundant in the posterior
neuropore. Expression in later embryos is detected throughout the CNS as well as in other structures, including the
nasal mucosa, the vomeronasal organ, the epithelium of the lung and intestinal tract, the testes, and the developing
teeth. Northern blot analysis showed sp4 expression in the adult brain and other tissues. Gene targeting by homologous
recombination was used to determine the role of sp4 during mouse development. Two-thirds of homozygous mutants
die within the ®rst few days after birth and those that survive are smaller than their wild-type littermates. While
fertility of the female mutants appears normal, homozygous mutant males do not breed, despite having histologically
intact testes containing mature sperm. sp4/sp4 mutant males fail to copulate, indicating that this gene is required for
normal male reproductive behavior. q 1996 Academic Press, Inc.
INTRODUCTION factors may act in conjunction with each other to modulate
transcription (Kadonaga et al., 1987). Cloning of the sp1
cDNA from HeLa cell RNA showed that it contained threeTranscriptional regulation is a key step in the control of
putative zinc ®ngers of the Cys2His2 type (Kadonaga et al.,gene expression during development. Regulatory proteins
1987); this motif has been identi®ed in several proteins incan exert their effect on transcription by binding to speci®c
addition to Sp1, many of which are important in gene regu-DNA sequences in the vicinities of genes. One such protein
lation during development. In some of these proteins, muta-is the transcription factor Sp1, which was originally identi-
tions have been found in the zinc ®nger domains which®ed by virtue of its ability to activate the SV40 early pro-
eliminate protein function, demonstrating the importancemoter (Dynan and Tjian, 1983; Briggs et al., 1986). The Sp1
of zinc ®ngers in DNA binding and trans-acting regulationprotein binds selectively to a GC-rich decanucleotide se-
(Blumberg et al., 1987; Redemann et al., 1988). Several do-quence known as the ``GC box,'' which is present as six
mains outside of the zinc ®nger region in Sp1 have beentandem copies in the SV40 early promoter (Briggs et al.,
postulated to function in transactivation; the two most ac-1986). Subsequent studies revealed that a variety of cellular
tive domains are highly glutamine-rich regions, which ap-and viral promoters contain GC boxes and can be activated
pear to mediate transcriptional activation through interac-by Sp1 in vitro; these GC boxes are often found near binding
tion with other molecules of Sp1 or other transcription fac-sites for other transcription factors, suggesting that these
tors (Courey and Tjian, 1988; Courey et al., 1989; Pascal
and Tjian, 1991; Hoey et al., 1993). The mouse sp1 gene
was shown to be ubiquitously expressed, but with up to1 To whom correspondence should be addressed. Fax: (513) 559-
4317. E-mail: Steve.Potter@chmcc.org. 100-fold differences in the levels of sp1 message in different
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cell types and in some cell types at different stages of devel- ¯ies (Wimmer et al., 1993), demonstrating at least some
degree of functional conservation between the Drosophilaopment (Saffer et al., 1991). Based on what is known about
sp1 expression and the Sp1 protein, it is likely that Sp1 acts and vertebrate proteins. Like the homeobox-containing
genes, the Sp1 gene family represents an example of thein a combinatorial fashion with other transcription factors,
which may have more temporally or spatially restricted ex- expansion in vertebrates of genes present in low copy num-
bers in Drosophila. Although the developmental expressionpression patterns, to regulate differentiation and develop-
ment. pattern of sp1 has been de®ned and suggests a possible role
for this gene in embryogenesis (Saffer et al., 1991), little isSeveral proteins with homology to Sp1 have been identi-
®ed in a number of different systems. A protein designated known about the speci®c functions of any of the sp1 family
genes during vertebrate development. And while muta-BTEB was cloned by virtue of its ability to bind the BTE
box, a basic transcription element containing a GC box se- tional approaches have been widely used to study the DNA
binding and transcriptional activation properties of thesequence in the promoter of the rat P4501A1 gene (Imataka et
al., 1992). Both Sp1 and BTEB affect expression of P4501A1 genes in vitro, similar in vivo mutational analyses have
not been reported in the literature. Such analyses would bethrough the BTE sequence; Sp1 stimulates its expression,
whereas BTEB represses this promoter's activity (Imataka extremely useful for de®ning possible developmental roles
for members of the vertebrate Sp1 family, as has been shownet al., 1992). Using the rat BTEB cDNA as a probe, this
group isolated a related cDNA designated BTEB2 from a for the btd gene of Drosophila.
We report the isolation, characterization, and mutationhuman placenta library. This gene was found to be ex-
pressed speci®cally in testes and placenta, but no known by gene targeting of a mouse homologue of the sp1-related
gene sp4. This gene was cloned from mouse because it isfunction has yet been described (Sogawa et al., 1993). Two
additional Sp1-related proteins, called Sp2 and Sp3, were located within a region of DNA on the distal arm of chromo-
some 12 that is deleted in the mouse insertional mutationidenti®ed which bind to a GT box motif in the T-cell anti-
gen receptor (TCR) a promoter (Kingsley and Winoto, 1992). legless (lgl) (McNeish et al., 1988). Hemizygous mice of
the lgl transgenic line are normal, but homozygous lgl/lglThese genes were cloned based on the sequence similarity
of their zinc ®ngers to Sp1. Kingsley and Winoto found that mutants display several distinct malformations of the
limbs, face, and brain and die within 24 hr after birththe GT box in the TCR promoter could be bound by Sp1,
so by analogy they reasoned that other factors which bind (McNeish et al., 1988, 1990). In addition, 50% of lgl/lgl
mutants exhibit visceral inversion, or situs inversusthis sequence might have zinc ®ngers with homology to
Sp1; Sp2 protein was found to bind the GT box motif (McNeish et al., 1990). Complementation tests have shown
that at least two genes are mutated by transgene integration:weakly, whereas Sp3 bound this sequence with high af®nity
comparable to that of Sp1. Two human transcription fac- one is allelic to a classical inverted viscera mutation known
as iv, and at least one other gene is involved in the limb,tors, designated SPR-1 and SPR-2 (for ``Sp1 related pro-
teins''), were isolated because of their ability to bind a GT face, and brain malformations of lgl/lgl mutants (Singh et
al., 1991). The lgl insertional mutation can serve as a valu-box motif in the rabbit uteroglobin promoter (Hagen et al.,
1992). In an attempt to identify transcription factors respon- able tool for the identi®cation of new genes involved in
murine development. We report the identi®cation of a CpGsible for the relatively high expression of uteroglobin in
certain cell types, namely Ishikawa cells (a human endome- island in a region of mouse chromosome 12 deleted in lgl/
lgl DNA which led to the isolation of the mouse sp4 gene.trial cell line) and the lung cell line NCI-H441, an expres-
sion library made from Ishikawa cell mRNA was screened Whole mount and serial section in situ hybridizations show
embryonic expression of this gene in the developing centralwith a concatemer of the GT box binding site and spr-1,
and a related gene called spr-2, were cloned (Hagen et al., nervous system (CNS), while Northern blot analysis dem-
onstrates a high level of expression in the adult mouse brain1992). spr-2 is identical to sp3, and spr-1 was renamed sp4
(Hagen et al., 1994). The zinc ®nger regions of these proteins and lower levels in several other tissues. The expression
pattern of sp4, with highest levels in the developing brain,and of Sp1 bound to both GT and GC box motifs with
similar af®nities. The discovery of a family of transcription together with sequence data suggest that sp4 is the closest
identi®ed vertebrate homologue of the Drosophila btd gene.factors in vertebrates with homologous zinc ®nger amino
acid sequences and similar DNA binding properties raises Gene targeting of sp4 was undertaken to determine the
gene's role during mouse development. Homologous recom-the intriguing possibility that genes once thought to be reg-
ulated by Sp1 might be controlled in vivo by proteins other bination was used to generate mutant mice lacking all three
zinc ®ngers of the sp4 gene. Although the mutant micethan Sp1.
Another homologue of Sp1 is the buttonhead (btd) gene showed none of the gross limb, face, or brain malformations
seen in lgl/lgl mice, analysis of the mutant phenotype indi-of Drosophila, which is expressed in the head anlagen of
early Drosophila embryos (Wimmer et al., 1993). The btd cates that this gene is required for normal mouse develop-
ment: the majority of sp4 homozygous mutant mice diegene plays an important role during Drosophila develop-
ment, with btd mutant ¯ies having abnormalities in head within a few days after birth, and those that live are signi®-
cantly smaller than normal. While female fertility is notmorphogenesis. A transgene expressing the human sp1 gene
was able to partially rescue the phenotype of btd mutant affected, mutant males do not breed. These males fail to
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display normal mounting behavior, though they lack obvi- YAC End Fragment Isolation
ous testicular abnormalities and do not display inadequate
Fragments from the ends of the YAC inserts were cloned by
masculinization. This suggests an important role for the inverted PCR as described by Silverman et al. (1989). The oligo-
sp4 gene in normal male reproductive behavior. nucleotides used for the left end fragment PCR were 5*-GTA-
GCCAAGTTGGTTTAAGG-3* and 5*-AGGACGGGTGTGG-
TCGCCATGATCGCG-3*, and for the right end fragment were
5*-AGTCTGGGAAGTGAATGGAG-3* and 5*-GATCCTCTA-
MATERIALS AND METHODS CGCCGGACGCATCG-3*.
Recombinant DNA Methodology In Situ Hybridizations
A 611-bp PstI cDNA fragment (nucleotides 733±1344) from out-Standard recombinant DNA techniques, including DNA prepara-
side of the zinc ®nger region of the No. 3 cDNA clone was sub-tion, enzymatic manipulations, bacterial transformation, and poly-
cloned into the pBS-KS vector for riboprobe synthesis. The cDNAmerase chain reaction (PCR), were performed according to Sam-
fragment was subcloned in both sense and antisense orientationsbrook et al. (1989). For large-scale plasmid preparations, Qiagen
so that RNA probes could be generated with RNA polymerase T7.kits (Qiagen, Inc.) were used. Double-stranded plasmid DNA was
Whole mount in situ hybridizations in mouse embryos were per-sequenced using the dsDNA Cycle Sequencing System kit (Gibco/
formed as described by Rosen and Beddington (1993) except thatBRL). Sequencing reactions were run overnight at 2300 V on 8%
Proteinase K digestion (10 mg/ml) was substituted for the detergentpolyacrylamide denaturing gels (100 cm, 1:5 wedge).
treatment.
Serial section in situ hybridizations were performed as described
previously (Kern et al., 1992).
Blot Hybridizations To obtain embryos from timed-pregnant female mice, overnight
matings were set up and noon on the day a vaginal plug was found
GeneScreen Plus (NEN/DuPont) hybridization membranes were was considered Embryonic Day 0.5.
used for Southern and Northern blot hybridizations according to
the manufacturer's protocols. Probes were labeled with 32P by the
random oligo-primed method (Feinberg and Vogelstein, 1984). The Gene Targeting
multiple tissue northern blot (MTN) was purchased from Clontech
The backbone gene targeting vector, pGKKOV, containing the(Product No. 7762-1) and was hybridized according to the manufac-
HSV-TK gene and pGK-HPRT gene, was kindly provided by Dr.turer's protocol. Total RNA from the brains of female homozygous
Hung Li (Li et al., 1996). Two overlapping genomic clones corre-/// and sp4/sp4 mutant mice was prepared using RNAzol B (Tel-
sponding to the zinc ®nger region of sp4 were isolated by screeningTest, Inc.).
the 129/Sv Lambda Dash II mouse genomic library with a PCRFor reduction of hybridization signal due to repetitive elements
fragment (nucleotides 1919±2419) from the sp4 cDNA clone. Foron large genomic fragment probes, such as the mouse lambda clone
the long block of homology an 11-kb XhoI±EcoRV restriction frag-inserts used to screen cDNA libraries, pre-reassociation to total
ment 5* of the zinc ®nger region was blunt-end subcloned into themouse DNA was performed, based on Sealey et al. (1985), with the
ClaI site in pGKKOV. The short block of homology, a 1.5-kb EcoRIfollowing modi®cations: lgl/lgl DNA was used as the ``driver'' DNA
fragment located 3* to the third zinc ®nger, was blunt-end sub-because the genomic probe sequences are deleted in lgl, allowing
cloned into the BamHI site in pGKKOV. The plasmid DNA wasa high C0T value to be used without reducing single-copy hybridiza-
linearized at the NotI site prior to electroporation.tion signal due to pre-reassociation. Two hundred nanograms of
E14 ES cells (kindly provided by Dr. Thomas Doetschman, Uni-labeled probe DNA in 40 ml was mixed with 4 mg HaeIII-digested
versity of Cincinnati) were maintained on primary mouse embryolgl/lgl DNA and 0.5 ml 201 SSC, and the volume was brought up
®broblasts (MEFs) treated with mitomycin C (Sigma). Cells wereto 2 ml by addition of TE. This mixture was boiled for 10 min,
grown in DMEM (BioWhittaker) media supplemented with 15%swirled on ice for 1 min, and incubated at 65 ±687C for at least 4
fetal bovine serum (Gibco/BRL), 0.1% b-mercaptoethanol, 100 U/hr prior to hybridization to library ®lters.
ml penicillin, 100 mg/ml streptomycin, and 1000 U/ml leukemia
inhibitory factor (ESGRO, Gibco/BRL), in 5% CO2. For each of two
electroporations, two con¯uent 100-mm plates of ES cells were
trypsinized and resuspended in 2 ml PBS containing the linearizedLibrary Screening
targeting construct at 20 mg/ml. Two 1-ml aliquots were electropor-
ated at 900 V and 14 mF in a 0.4-cm-wide cuvette (IBI Gene Zapper).The procedures used for lambda library plating and screening
were essentially as described in Sambrook et al. (1989). The 129/ The cells from each electroporation were combined and plated onto
®fteen 100-mm dishes of MEF feeder cells. On the day followingSv mouse genomic library in Lambda Dash II vector was generously
provided by Dr. Marcia Shull (University of Cincinnati). The E8.5 electroporation, selection was applied by supplementing the media
with 11 HAT (Gibco/BRL). Although the HSV-TK gene was in-mouse embryo cDNA library in Lambda ZAP II vector was gra-
ciously provided by Dr. John Gearhart (Johns Hopkins University). cluded in the targeting vector, negative selection with the drug
gancyclovir was not employed. Media was changed daily and resis-YAC clones were isolated by screening the Princeton Mouse YAC
Library (PMYL) (Rossi et al., 1992) by PCR ampli®cation using tant colonies were picked after 4 to 5 days of selection. From two
electroporation experiments, a total of over 500 colonies wereoligonucleotides speci®c for genomic clones deleted in lgl/lgl DNA:
5*-ACTCTGGACTACGGATTCACAGGCA-3* and 5*-GAGTGG- screened by Southern blot analysis, and a single targeted clone (No.
20) was isolated.AGGCATTTCCCTGAAGTCT-3*.
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Chimeric mice were generated by microinjection of targeted ES
cells into blastocysts from donor C57Bl/6 female mice (Charles
River). Chimeric male mice were mated with CF-1 female mice
(Charles River), and chinchilla (ES cell-derived) offspring were
screened by Southern blot analysis to identify mice carrying the
targeted allele.
RESULTS
Genomic Clone Isolation
We previously reported a preliminary molecular analysis
of the region of chromosome 12 disrupted by insertion of
the pHT1 transgene concatemer in lgl/lgl DNA (Singh et
al., 1991). Our original analysis indicated that greater than
10 kb of endogenous DNA had been lost at the site of
transgene integration. To better de®ne the extent of the
deletion, overlapping lambda clones were isolated from a
wild-type mouse genomic library, beginning a ``chromo-
some walk'' of the region. Genomic clones spanning approx-
imately 100 kb of wild-type mouse DNA were restriction
mapped, and single-copy probes from these clones were iso-
lated and used for Southern blot analysis of wild-type and
lgl/lgl mutant DNA. All of the probes from this region failed
to hybridize to lgl/lgl DNA, setting a lower limit of 100 kb
on the size of the deletion caused by the transgene insertion.
To more ef®ciently analyze the deletion, the Princeton
Mouse YAC Library (PMYL) was screened, using single-
copy sequences obtained from genomic lambda clones in
the region. Four nonchimeric YACs were isolated, and the FIG. 1. Deletion of cDNA sequences in lgl/lgl DNA. The ®gure
end fragments of the mouse DNA inserts were isolated by shows hybridization of the No. 3 cDNA clone to a Southern blot
inverse PCR (Silverman et al., 1989). These end fragments containing ///, //lgl, and lgl/lgl DNA samples digested with the
were used in cross-hybridization analyses of the YAC clones restriction enzyme PvuII. Note that the fragments hybridizing in
to determine their degree of overlap, for restriction map- wild-type mouse DNA are absent in lgl/lgl DNA.
ping, and for Southern blot analysis to examine the extent
of the deletion in lgl/lgl mutant DNA. A 400-kb YAC was
found to be completely deleted in lgl/lgl DNA. The proxi-
mal end fragment of this YAC clone maps to the deleted tion of high-molecular-weight yeast DNA, separation on
end of a genomic lambda clone (l4, Singh et al., 1991) which ®eld inversion gels, and hybridization to end-speci®c probes
spans a mouse-transgene junction. Using a probe from the (Bentley, 1992). A cluster of recognition sites for the CpG-
distal end of the YAC for Southern blot analysis demon- rich enzymes SacII, BssHII, NarI, NaeI, and SmaI on the
strated that it was also deleted in lgl/lgl DNA (data not restriction map of one of the YAC clones suggested the
shown), indicating that the size of the deletion caused by presence of a CpG island in the region deleted by transgene
transgene integration likely exceeds 400 kb. integration.
To isolate probes from this potential CpG island, small
restriction fragments ¯anking SacII sites on the YAC were
Isolation of Candidate Genes subcloned into a pBS vector prepared by digestion with com-
patible enzymes (Elvin et al., 1992). DNA from the YACOne method for locating genes in large genomic regions
uses ``CpG islands'' as markers for transcribed sequences was gel-puri®ed, digested with SacII in combination with
Sau3A1, and ligated into a pBS vector prepared by SacII(Bird, 1987; Larsen et al., 1992). The term CpG island refers
to a short stretch of DNA, usually about 1 kb long, which plus BamHI digestion to provide ends compatible with the
SacII±Sau3A1 fragments of interest. The ligation was per-contains a relatively high frequency of the dinucleotide
CpG (Larsen et al., 1992). These islands can be identi®ed formed at a very low molar ratio (insert:vector) to reduce the
probability of subcloning additional noncontiguous Sau3A1as clusters of sites for rare-cutting restriction enzymes
which have recognition sequences rich in Cs and Gs (Lind- fragments along with the desired fragments. Subcloned frag-
ments were sequenced to check for a C / G content greatersay and Bird, 1987). The YAC clones from the disrupted
region were restriction mapped by partial restriction diges- than 50%, which is a hallmark of CpG islands.
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FIG. 2. cDNA sequence and similarity to other members of the
Sp1 family. (A) Nucleotide sequence of the No. 3 (sp4) cDNA. The
amino acid sequence of the ORF is shown below the nucleotide
sequence. Two in-frame stop codons upstream of the initiation
methionine are underlined. The cysteines and histidines involved
in zinc binding in the zinc ®nger region of the protein are shown
in bold. (B) Comparison of the amino acid sequences of the zinc
®nger regions of Sp4, Sp1 (Kadonaga et al., 1987), and related pro-
teins (Hagen et al., 1992; Kingsley and Winoto, 1992; Wimmer et
al., 1993; Imataka et al., 1992; Sogawa et al., 1993). The ``btd box''
motif is boxed, and the conserved cysteines and histidines of the
zinc ®ngers are in bold. Dashes represent identical amino acids and
dots represent spaces inserted to facilitate alignment. The human
SPR-1 and SPR-2 proteins have been renamed since they were origi-
nally described (Hagen et al., 1992) and are now referred to as Sp4
and Sp3, respectively (Hagen et al., 1994). (C) Schematic representa-
tion of the functional domains of Sp4 and comparison with the
proteins Sp1 (Kadonaga et al., 1987) and Btd (Wimmer et al., 1993).
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Two SacII±Sau3A1 fragment subclones were isolated
which hybridized to wild-type mouse DNA but were de-
leted in lgl/lgl DNA. The sequence of these fragments
showed that they contained restriction sites found in the
YAC CpG island, and Southern blot analysis showed that
they hybridize to the same restriction fragments in YAC
and mouse DNA; these results indicated that the fragments
were from the same CpG island on the deleted YAC clone.
Further analysis of these CpG island fragments suggested
that they would be useful for isolation of genes from the
deleted region. Hybridization of these probes to zoo blots
revealed the presence of homologous sequences in several
divergent species, even when the hybridization was done
at high stringency (data not shown), suggesting that these
fragments were located within or near coding sequence. To
obtain more sequence around the CpG island, a mouse ge-
nomic lambda library was screened with these probes, and
several clones were isolated. The mouse DNA inserts from
two overlapping lambda clones, which together span about
FIG. 3. Expression of sp4 in adult mouse tissues by Northern blot30 kb around the CpG island, were used as probes to screen
hybridization. A non-zinc ®nger probe (nucleotides 1±1344 of the
mouse embryo cDNA libraries. A cDNA clone was isolated cDNA) was hybridized to a mouse multiple tissue Northern blot
from an Embryonic Day 8.5 (E8.5) mouse embryo cDNA which contains approximately 2 mg of poly(A)-selected RNA per
library which contained unique sequences found on the lane. Two transcripts of approximately 6.2 and 9.0 kb are seen at
YAC clone. This cDNA clone, originally designated No. 3, variable levels in all tissues examined (top). The 9.0-kb transcript
can be seen at low levels in the lung and kidney RNA lanes withhybridized to several DNA segments in wild-type mouse
a longer autoradiograph exposure (not shown). A control hybridiza-DNA which are not seen in lgl/lgl DNA (Fig. 1), demonstra-
tion to a human b-actin probe is also shown (bottom). Two bandsting that these cDNA sequences are deleted in the lgl muta-
are seen in the heart and skeletal muscle (skel. musc.) lanes becausetion. This cDNA was also used to probe Southern blots
the control b-actin probe hybridizes to two mRNA forms in musclecontaining wild-type and iv/iv mutant DNA to determine
tissue.
if this gene is grossly altered in the classical iv mutation,
but no differences between iv/iv and wild-type DNA were
detected (data not shown).
the No. 3 cDNA contains three tandem zinc ®ngers of the
Cys2/His2 type at its C-terminal end which are 82% identi-Sequence Analysis of the Deleted cDNA Clone cal and 94% similar to the zinc ®ngers of Sp1 (Fig. 2B); this
region of Sp1 is capable of binding to DNA with the sameThe No. 3 cDNA clone is 2678 bp long and appears to
contain the full open reading frame (ORF), starting with the speci®city as the native protein (Kadonaga et al., 1987). Re-
gions N-terminal to the zinc ®ngers are also conserved be-initiation ``ATG'' codon at position 137 of the nucleotide
sequence and continuing until nucleotide 2482, encoding a tween Sp4 and Sp1; there are long serine/threonine- and
glutamine-rich regions (Fig. 2C) which are homologous toprotein of 782 amino acids (Fig. 2A). The sequence context
of the putative initiation codon is in good agreement with portions of the Sp1 protein that are required for protein±
protein interactions and transactivation (Courey and Tjian,the Kozak consensus sequence for translation initiation
(Kozak, 1987), and in-frame stop codons are found upstream 1988; Courey et al., 1989; Jackson and Tjian, 1988).
The sequence of this cDNA clone has remarkable homol-of this ATG (Fig. 2A). A 23-bp-long poly(A) stretch is found
at the 3* end of the cDNA, but since there is no upstream ogy to a human transcription factor gene called spr-1, for
``Sp1 related protein number 1'' (Hagen et al., 1992). Thepolyadenylation consensus sequence this may represent an
internal poly(A) stretch and not the poly(A) tail at the 3* entire human SPR-1 protein is 97% identical to the trans-
lated ORF sequence of the No. 3 cDNA clone; when conser-end of the transcript.
As detailed below, the No. 3 cDNA sequence indicates vative amino acid changes are considered, the human and
mouse proteins are 99% homologous. In the zinc ®ngerthat this is the mouse sp4 gene. The amino acid sequence
of the encoded protein is related to the zinc ®nger transcrip- regions, there are only two amino acid differences between
the mouse and human proteins, and these occur before thetion factor Sp1 (Kadonaga et al., 1987), which was originally
isolated by virtue of its ability to activate the SV40 early ®rst cysteine of the ®rst zinc ®nger (Fig. 2B). Even at the
nucleotide level, the human and mouse genes are greaterpromoter (Briggs et al., 1986). The zinc ®nger DNA-binding
motif was ®rst described for the transcription factor TFIIIA than 92% identical. To be consistent with the nomencla-
ture for the sp1 family of genes, spr-1 is now referred to as(Miller et al., 1985) and has subsequently been identi®ed in
many other proteins. The protein encoded by the ORF of sp4 (Hagen et al., 1994), so we will hereafter refer to the
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sp1-like gene cloned from the lgl disrupted region as the tected at variable levels in all adult tissues examined, with
mouse sp4 gene. A homologous rat gene, Hf-1b, was inde- highest expression seen in adult brain and skeletal muscle
pendently isolated because the encoded protein was able to (Fig. 3). This analysis indicates that the No. 3 cDNA, which
bind to the cardiac regulatory element (HF-1b/MEF2) in the is only 2.7 kb long, is a partial cDNA clone. It is not known
rat myosin light chain 2 gene (Zhu et al., 1993). The proteins if the two transcripts seen by Northern blot hybridization
encoded by the rat Hf-1b gene and the mouse sp4 gene are represent alternate splicing products or alternate use of 5*
highly homologous, with only three-amino-acid differences start sites or 3* polyadenylation signals.
in the entire coding region and identical zinc ®nger regions. Expression of sp4 in mouse embryos was examined by in
Of particular interest is the observed homology between situ hybridization. Figure 4A shows the expression pattern
sp4 and the Drosophila btd gene. btd is a gap-like segmenta- observed by whole mount in situ hybridization of a non-zinc
tion gene which is required for normal head development ®nger antisense sp4 riboprobe to an E9 wild-type mouse
in Drosophila (Cohen and Jurgens, 1990). The protein en- embryo. Expression of sp4 was highest in the region sur-
coded by btd has three Cys2/His2 zinc ®ngers (Wimmer et rounding the posterior neuropore. No expression was ob-
al., 1993), similar to the Sp1 family proteins. As shown in served with a control sense riboprobe (data not shown). Ho-
Fig. 2B, the zinc ®nger regions of Sp4 and Btd are highly mozygous lgl mutant embryos were included in the whole
homologous, with 70% identity between the mouse and mount in situ hybridizations to demonstrate the speci®city
Drosophila proteins in the 81 amino acids encoding the of the probe for sp4. Even after a prolonged incubation time
three zinc ®ngers. Also, these proteins share an 11-amino- which led to exaggerated hybridization signal in wild-type
acid motif called the btd box (Wimmer et al., 1993); this embryos, the lgl/lgl mutant embryos showed no detectable
motif is seen in some members of the Sp1 family and may hybridization (data not shown), indicating that the probe is
contribute to the ability of the proteins to activate transcrip- not cross-hybridizing with other related genes.
tion (Courey and Tjian, 1988). The Btd protein also has two Expression of sp4 was also examined by in situ hybridiza-
serine/threonine-rich domains and a single glutamine-rich tion on cryostat sections of wild-type mouse embryos. Tran-
region (Fig. 2C) similar to the domains seen in Sp4 scripts of the sp4 gene were detected in all embryos analyzed
and Sp1. from the gestational period E10 through E16. In the E10
embryos (Figs. 4B and 4C) the strongest signal was observed
in the developing brain and neural tube. However, thereExpression Analysis of the sp4 Gene
was also low level diffuse signal throughout most of the
mesenchymal tissue, especially in the head and neck region.Expression of sp4 in adult mouse tissues was examined
In E12 embryos, high levels of expression were detectedby Northern blot hybridization. A probe from outside of the
throughout the developing CNS (Fig. 5). At this stage otherzinc ®nger region of the cDNA (nucleotides 1±1344) was
neural structures, such as the retina, trigeminal ganglia,hybridized to a mouse multiple tissue Northern blot. Two
transcripts, approximately 9.0 and 6.2 kb long, were de- spinal ganglia, and developing cranial nerves, showed strong
FIG. 4. Localization of sp4 mRNA by in situ hybridization in E9 and E10 mouse embryos. Panels (A±C) were hybridized to antisense
riboprobe speci®c for the non-zinc ®nger region (nucleotides 733±1344 of the cDNA) of sp4. (A) Expression pattern observed by whole
mount in situ hybridization in an E9 wild-type mouse embryo. The signal is most intense in the region surrounding the posterior neuropore,
although there is diffuse weak signal throughout the embryo. (B and C) Parasagittal sections through a wild-type E10 mouse embryo
hybridized to 35S-labeled antisense riboprobe speci®c for the non-zinc ®nger region of sp4. Panel (B) shows a section through the head and
neck region, in which strong hybridization signal of the sp4 probe (white grains) is seen in the primitive neuroepithelial layer (arrowhead)
surrounding the fourth ventricle as well as the more rostral aspects of the primitive neural tube (nt), the developing mandible (mn), and
the optic vesicle (*). The cephalic mesenchymal tissue adjacent to the brain and neural tube shows weaker hybridization signal. (C) A
different section through the E10 embryo, in which expression is again localized to the primitive neuroepithelial layer (arrowhead)
surrounding the fourth ventricle, the otic vesicle (ov), and the neural tube (nt). There is also low level signal in much of the primitive
mesenchymal tissue in the head region, including the branchial arches (*). (D) A control section hybridized to an 35S-labeled sense strand
control probe to indicate the background level of hybridization signal. All sections were dark-®eld illuminated and counterstained with
hematoxylin and eosin.
FIG. 5. Expression of sp4 in the CNS and developing craniofacial region of a wild-type E12 mouse embryo. In (A, B, D, and E) the sections
were hybridized to an 35S-labeled antisense riboprobe and (C) shows a section hybridized to the control sense riboprobe. (A) Coronal section
through the head and face, showing the high levels of expression in the brain (top) and the mucosal epithelium lining the nasopharynx
(arrowheads). There is also weak, diffuse expression throughout the facial mesenchymal tissue surrounding the nasopharyngeal cavity.
(B) Sagittal section through the face, illustrating the weak, diffuse expression in the facial mesenchyme (asterisk), in contrast to the higher
level of expression in the mucosal epithelium lining the nasopharynx (arrowhead) and the vomeronasal organ (v). (C) Sagittal section
parallel to the one shown in (B) which was hybridized to the control sense riboprobe, illustrating the absence of signi®cant hybridization
in any of the facial tissues. (D) Coronal section demonstrating the uniformly high level of expression in the developing brain (top).
Relatively high levels of expression are also seen in the developing eye (arrowhead). (E) Sagittal section through the brain.
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hybridization signal. In addition to the nervous system, sp4 these 11 chimeric males transmitted the targeted allele to
their offspring. These //sp4 mice were normal and wereexpression was detected throughout the nasal mucosa, the
vomeronasal organ (Fig. 5), Rathke's pouch, the hypotha- interbred or mated with//lgl mice to generate homozygous
sp4 mutant mice.lamic region, the hepatocytes in the liver, the mucosal epi-
thelium of the intestinal tract, the bronchial epithelium of Northern blot analysis was used to con®rm that the tar-
geted mutation eliminated normal expression of the sp4the lung, and the tubules of the metanephric kidney (data
not shown). Weak signal was also detected throughout most gene. Total RNA was prepared from the brains of adult wild-
type (///) and homozygous sp4/sp4 mutant mice. Hybrid-of the mesenchymal tissue in the head and neck region, the
limbs, and the abdominal cavity. The heart muscle showed ization to a non-zinc ®nger sp4 probe showed that the mu-
tant lacks the normal 6.2-kb transcript and an aberrant trun-a low level of expression (data not shown). In E13 embryos,
strong signal persisted in the CNS and was also present in cated transcript is seen (Fig. 8B, left). This sp4 probe also
hybridizes to a transcript in mutant RNA that appears tothe liver (Fig. 6A±6B) as well as the testes and ovaries. The
epithelium of the pulmonary bronchioles, intestinal tract, be the same size as the 9.0-kb transcript seen in wild-type
RNA. To determine the nature of this transcript, an HPRTand most mesenchymal tissue showed weak hybridization
signal (data not shown). In the E14 embryos the CNS contin- probe was used (Fig. 8B, right); hybridization to the 9.0-kb
transcript demonstrates that the targeting event has re-ued to show high levels of sp4 expression, and strong signal
was also detected in the developing tooth buds (Figs. 6C± placed part of the sp4 gene with HPRT. A probe containing
the zinc ®nger region of sp4 was found to hybridize to the6E); however, at this stage expression began to decrease in
mesenchymal tissues and most of the mucosal epithelial 6.2- and 9.0-kb transcripts in wild-type RNA but not in
mutant RNA, further suggesting that the 9.0-kb transcripttissue. Expression in the liver, gonads, thymus, and lungs
was also very weak by this stage (data not shown). In the seen in sp4/sp4 RNA is aberrant and contains HPRT in
place of the three zinc ®ngers (data not shown).E16 embryos (Fig. 6F), sp4 expression was essentially re-
stricted to the brain, spinal cord, sympathetic ganglia, and
dorsal root ganglia. Phenotype of sp4/sp4 Mutant Mice
The phenotype of the sp4 targeted mutation was exam-
Targeted Mutation of sp4 ined in offspring from crosses of //sp4 1 //sp4 and //sp4
1//lgl mice. The phenotyes of sp4/sp4 and sp4/lgl mutantsAs the lgl transgene insertional mutation deleted over
400 kb of DNA, it likely affected several genes. To de®ne were indistinguishable. Offspring of heterozygous crosses
appeared normal at birth, with no signs of the severe limbthe developmental function of sp4, an sp4-speci®c mutation
was generated by gene targeting. The sp4 gene was inacti- or craniofacial malformations seen in lgl mutant newborn
mice. In addition, all newborn pups were able to nurse;vated by deleting the region encoding the three zinc ®ngers
to eliminate the DNA-binding capacity of the Sp4 protein. lgl/lgl mice never nurse and die within 24 hr after birth.
However, by 2 to 3 days after birth, a large percentage ofAnalysis of overlapping genomic clones and comparison of
genomic and cDNA sequence indicated that the second and pups from sp4 heterozygous matings died, and many were
found dead with milk-®lled stomachs. Genotypic analysesthird zinc ®ngers are separated by an intron of at least 15
kb. To remove all three zinc ®ngers, it was necessary to of the dead pups indicated that most were sp4 homozygous
mutants. Of the ®rst 14 litters of //sp4 heterozygous mat-generate a genomic deletion of approximately 19 kb. The
sp4 gene targeting vector is shown in Fig. 7A. Successful ings, only 30% (7/23) of sp4/sp4 mutant pups lived up to 1
week of age, compared to 84% (37/44) for //sp4 and 87%homologous recombination between the targeting vector
and the endogenous gene would replace the three zinc ®n- (13/15) for /// mice. Until the mutant pups were found
dead they appeared normal. The cause of death remainsgers and the large intron with the selectable HPRT gene.
The targeting construct was electroporated into HPRT- undetermined. Necropsies were performed on newborn mu-
tant pups that died and no malformations could be foundde®cient E14 embryonic stem (ES) cells. Two separate elec-
troporation experiments were performed, and colonies were to explain their high mortality rate. Surviving adult mu-
tants were also closely examined, and no gross defects wereselected in HAT media for the presence of the HPRT gene.
Colonies that survived the positive HAT selection were observed. The brains of the sp4/sp4 mutants were carefully
scrutinized since sp4 is highly expressed in the brain bothscreened by Southern blot analysis using a 3* genomic probe
fragment (Fig. 7A) which ¯anks the short region of homol- during development and in adulthood. Externally, the brain
sizes and folding patterns were indistinguishable from wildogy included in the targeting vector. Of over 500 colonies
screened, only one clone (No. 20) appeared to be correctly type. Brains of adult and newborn mutants were sectioned
to look for more subtle abnormalities and none were de-targeted (Fig. 7B). This was con®rmed by Southern blot anal-
ysis using a 5* probe ¯anking the long block of homology tected.
The sp4/sp4 mice which survive the early postnatal pe-(Fig. 7C), and later, after homozygous mutant mice were
generated, using a cDNA probe from the deleted zinc ®nger riod appear normal but are smaller than their wild-type lit-
termates. Their size is initially normal, but after 1 week ofregion (Fig. 8A). The appropriately modi®ed ES cells were
used to generate 14 chimeric mice; 11 were males, and 9 of age the mutants are signi®cantly smaller. Mutant and wild-
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FIG. 6. Localization of sp4 mRNA in E13±E16 wild-type mouse embryos. (A) A section through the abdomen of an E13 mouse embryo
hybridized with the sp4 antisense riboprobe. There is strong hybridization signal seen in the liver (lv) and weaker signal seen in the
stomach mucosa (arrowhead) and stomach wall. There is also moderately intense hybridization signal in the testes (*). The mesenchymal
tissue in the abdominal wall (right side of A) shows only a low level of expression. (B) A higher magni®cation of the testes shown in (A),
illustrating that sp4 hybridization is localized to the developing seminiferous tubules. (C) A section through the oral cavity of an E14
mouse embryo. The tongue is seen in the right half of the panel (tn) and a developing tooth (to) can be seen to the left. (D) The dark-®eld
image of panel (C). There is strong hybridization signal in the odontogenic epithelial layers of the developing tooth (arrowheads). (E) sp4
expression localized to the dorsal root ganglia of an E14 embryo. (F) A section from an E16 embryo through the vertebral column (on the
left) and spinal cord (on the right). Expression of sp4 can be seen in the spinal cord but not in the adjacent vertebral column.
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FIG. 7. Gene targeting of sp4. (A) Targeted deletion of the sp4 zinc ®nger region. The cDNA is shown schematically at the top of the
®gure to illustrate where the zinc ®ngers lie on the genomic restriction map. The 5* ¯anking probe is a 0.3-kb BglI±BamHI restriction
fragment located upstream of the long block of homology used in the targeting construct. The 3* ¯anking probe is a 1.4-kb EcoRI±BglI
restriction fragment located downstream of the short block of homology. Homologous recombination between the targeting vector and
the wild-type locus resulted in a deletion of approximately 19 kb of genomic sequences, replacing the region encoding all three zinc ®ngers
of sp4 with the selectable HPRT gene in the opposite transcriptional orientation. The restriction fragments diagnostic for the targeting
event (BglI for the 5* end and SpeI / BglI for the 3* end) are illustrated. Sites are shown on the maps for restriction enzymes EcoRV (V),
XhoI (X), BglI (L), BamHI (H), EcoRI (R), and SpeI (S). (B) Southern blot analysis of wild-type (///) ES cell DNA and DNA from targeted
ES cell clone 20. The hybridization of the 3* ¯anking probe to a 3.3-kb SpeI / BglI restriction fragment in clone 20 DNA in addition to
the wild-type fragment indicates that this ES cell clone has been correctly modi®ed. (C) Con®rmation of the targeting event using a 5*
¯anking probe. This probe hybridizes to a 12.8-kb BglI fragment in wild-type DNA and an additional 14.6-kb fragment in DNA from
clone 20, con®rming that this clone has been correctly targeted.
type littermates were weighed so that their growth rates to carry litters to term when bred to wild-type males. In
contrast, the mutant males failed to breed, even whencould be compared (Fig. 9). Since after weaning the growth
curves of the mutants parallel those of the wild-type mice mated with wild-type females. Over 25 males were mated
with either /// or //sp4 females for periods ranging fromit appears that, after an initial stunting which occurs within
the ®rst few weeks of life, the rate of mutant growth is several weeks to 1 year. With a single exception (one mutant
male with a wild-type female) no pregnancies resulted. Fe-relatively unaffected. However, the mutants never catch up
with their wild-type littermates. The pituitaries of mutant males in matings with mutant males were checked for cop-
ulation plugs every morning for a period of about 2 months,mice were examined histologically and appear normal (data
not shown). Serum insulin-like growth factor (IGF) binding and no plugs were ever found. To try to induce copulation,
®ve mutant males were mated with superovulated wild-proteins, some of which are growth hormone regulated and
can therefore re¯ect endogenous growth hormone levels type female mice. Whereas wild-type males mated with su-
perovulated females engaged in mounting behavior shortly(Martin and Baxter, 1992), were measured by Western ligand
blot analysis (Hossenlopp et al., 1986) and were found to be after the females were placed into the cages, sp4/sp4 mutant
males failed to exhibit any mating behavior and no copula-normal (data not shown).
Attempts to interbreed adult homozygous sp4 mutants tion plugs were found. The reproductive tracts of the mu-
tant males were carefully examined for abnormalities. Thewere unsuccessful. However, female mutant mice were able
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mone receptors in the rat have been cloned and were found
to be expressed in VNO neurons (Dulac and Axel, 1995).
Although sp4 is expressed in the VNO of mouse embryos,
adult sp4 mutant males were examined histologically and
were found to have intact VNOs (data not shown). This
does not rule out the possibility that there may be defects
affecting VNO function in the targeted mutants, but this
remains to be investigated. In addition to the VNO, the
hypothalamus plays an important role in reproductive phys-
iology and behavior (Buck, 1995) and is a site of sp4 expres-
sion during development. We examined the hypothalamus
in brain sections from sp4 mutant mice, and found no gross
abnormalities.
DISCUSSION
In this report we describe the cloning of the mouse sp4FIG. 8. Deletion of the sp4 zinc ®ngers and expression of sp4 in
gene, a member of the Sp1 family of zinc ®nger transcriptiontargeted mutants. (A) Hybridization of an sp4 zinc ®nger-speci®c
factors. This gene was mapped to the distal arm of mousecDNA probe (nucleotides 2044±2358) to a Southern blot containing
10 mg each of heterozygous (//sp4) and homozygous mutant (sp4/ chromosome 12 by virtue of its location in a region deleted
sp4) DNA restriction digested with PstI. The absence of hybridiza- by the lgl insertional mutation. The mouse sp4 gene has an
tion in mutant DNA demonstrates that the targeted mutation de- interesting pattern of expression during embryonic develop-
leted the zinc ®nger region of the sp4 gene. (B) Northern blot analy- ment. Like its Drosophila counterpart btd, which is ex-
sis showing disruption of normal sp4 transcription in the sp4/sp4 pressed in the developing heads of ¯y embryos, sp4 is highly
targeted mutants. Total RNA was isolated from wild-type (///)
expressed in the developing mouse brain. In early embryosand homozygous sp4 mutant mice and duplicate Northern blots
it is expressed at high levels in the posterior neuropore.were made from adjacent lanes of the same gel (20 mg RNA/lane).
Later, high expression levels are seen throughout the entireOne blot was hybridized to a 5* non-zinc ®nger (nucleotides 1±
CNS, as well as in the hypothalamic region, the nasal epi-1344) sp4 cDNA probe (left) and the other was hybridized to HPRT
thelium, and VNO; lower levels are seen in several mesen-(right). In mutant RNA, the 6.2-kb transcript is absent and a trun-
cated 3.6-kb transcript is seen. The 9.0-kb transcript seen in mutant chymal tissues, the liver, testes, and developing teeth. In
RNA also hybridizes to the HPRT probe, indicating that in this adult mice, the gene is expressed more widely, with highest
transcript the HPRT gene from the targeting vector has replaced levels seen in the brain but signi®cant levels seen in all
the zinc ®ngers of sp4. HPRT also hybridizes to the 3.6-kb truncated tissues examined.
mutant transcript. A band which corresponds to the size of 28S Analysis of sp4/sp4 mutant mice indicated that this gene
ribosomal RNA is seen in both wild-type and mutant RNA hybrid- is important for early postnatal survival, since only one in
ized to the HPRT probe, suggesting some nonspeci®c binding of
three homozygous mutants lived to 1 week of age. Thethe probe to ribosomal sequences. These Northern blots were rehy-
cause of the early death remains undetermined; sp4/sp4bridized to a control b-actin probe (B, bottom) to control for RNA
pups are often found dead with milk-®lled stomachs afterloading.
2 to 3 days of life. The sp4/sp4 pups which survive are
smaller than their wild-type littermates, and this reduction
in size appears to result from a growth hormone-indepen-
dent mechanism. The only other apparent defect of the mu-testes, epididymis, vas deferens, and prostates of the mu-
tants were indistinguishable from wild type. Histological tants is lack of sexual activity in the sp4/sp4 adult males,
although structural abnormalities of the male reproductivesections of the mutant testes revealed the presence of ma-
ture sperm (data not shown). tract were not detected. The mutant testes appear normal
and contain mature sperm, yet copulation plugs were neverThe sp4 gene is expressed in the vomeronasal organs
(VNOs), which are tubular structures located bilaterally in found when mutant males were mated with wild-type fe-
males. Based on these ®ndings we conclude that the muta-the ventral nasal cavity (see Fig. 5). The VNO plays a critical
role in the reproductive behaviors of many different species tion has caused a behavioral de®cit that affects male repro-
duction.and is especially important for the detection of pheromones
(Halpern, 1987; Dulac and Axel, 1995; Buck, 1995). For ex- Because of the striking embryonic expression pattern of
sp4, we were somewhat surprised by the relatively mildample, surgical removal of the VNO in newborn mice elimi-
nated copulatory behavior when these mice reached adult- phenotype observed in the targeted mutant mice. We pro-
pose two explanations that might account for this. We chosehood; interestingly, VNO removal had no effect on nursing
or other behavioral or growth measures (Wysocki and Lepri, to inactivate the gene by deleting the three zinc ®ngers; it
is possible that the zinc ®nger portion of the protein is not1991). Recently, genes encoding a family of putative phero-
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8227 / 6x0e$$$$24 05-24-96 06:51:20 dba AP: Dev Bio
297Murine sp4: Cloning, Characterization, and Gene Targeting
FIG. 9. Growth curve showing reduced size of sp4/sp4 homozygous mutant mice. Mutants were indistinguishable from wild-type
littermates until about 1 week of age, after which time the mutants were noticeably smaller. This chart compares the weights of mutant
males (n  2) and females (n  4) to /// same-sex littermates (n  7 for both sexes). Mice which died during the study period were not
included in the comparison. Vertical bars indicate standard deviations.
required for all of the developmental functions of sp4. We of sp4 function. In btd mutant Drosophila, introduction of
an sp1 transgene was able to partially rescue the mutantconsider this unlikely, since for the homologous transcrip-
tion factor Sp1 the zinc ®ngers are required for the protein's phenotype (Wimmer et al., 1993), indicating some degree
of functional conservation between related sp1-like genes.function in DNA binding and thus transactivation (Kado-
naga et al., 1987). A more plausible explanation for the rela- In addition, the human Sp4 protein was found to bind to
GT or GC box sequence motifs with the same af®nity astively mild phenotype observed in the sp4 mutant mice is
genetic redundancy, as is seen for other developmentally Sp1, as did Sp3, which is essentially ubiquitously expressed
(Hagen et al., 1992). Furthermore, in certain circumstances,important transcription factors. For example, individual
mutations of either of the myogenic factors myoD or myf5, both Sp1 and Sp4 proteins were capable of similar degrees
of transactivation of identical reporter constructs bearingmembers of the basic-helix-loop-helix family of transcrip-
tion factors, results in mice with apparently normal skeletal Sp1 binding sites (Hagen et al., 1994). To completely eluci-
date the roles of sp4 and the other sp1-family genes duringmuscle, but mutation of both genes in the same animal
leads to the complete absence of skeletal muscle (Rudnicki mouse development, it will be necessary to create mice
with mutations of two or more related genes to deal withet al., 1993). Similarly, mice which harbor mutations in two
paralogous Hox genes exhibit much more severe malforma- the issue of genetic redundancy.
tions than mice with just a single Hox gene mutation (Con-
dle and Capecchi, 1994; Davis et al., 1995). These studies
suggest that when a mutation in one member of a gene
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